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ABSTRACT 
We have assayed various materials for their ability to induce  aster formation by 
microinjection  into  unfertilized  eggs  of Xenopus  laevis. We  have  found  that 
purified  basal  bodies  from  Chlamydomonas reinhardtii and  Tetrahymena 
pyriformis induce the formation of asters and irregular cleavage furrows within  1 h 
after injection.  Other microtubule structures  such as flagella, flagellar axonemes, 
cilia,  and  brain  microtubules  are  completely  ineffective  at  inducing  asters  or 
cleavage  furrows  in  unfertilized  eggs.  When  known  amounts  of  sonicated 
Tetrahymena and Chlamydomonas preparations are injected into unfertilized eggs, 
50%  of  the  injected  eggs  show  a  furrowing  response  at  approximately  3  cell 
equvalents  for Chlamydomonas and  0.1  cell equivalent  for Tetrahymena. These 
results are close to those expected if basal bodies were the effective astral-inducing 
agent in these cells. Other materials effective at inducing asters in unfertilized eggs, 
such as crude brain nuclei, sperm, and a particulate fraction from brain known to 
induce parthenogenesis in eggs of Rana pipiens, probably contain centrioles as the 
effective agent. Our experiments provide the first functional assay to indicate that 
centrioles play an active role in aster initiation. 
None  of  the  injected  materials  effective  in  unfertilized  eggs  produced  any 
observable response in fully grown oocytes. Oocytes and eggs were found to have 
equal  tubulin  pools  as  judged  by  colchicine-binding  activity.  Therefore,  the 
inability of oocytes to form asters cannot be due to a lack of an organizing center or 
to a  lack of tubulin.  Experiments in which  D20 was found to stimulate aster-like 
fibrous areas in eggs but not oocytes suggest that the inability of oocytes to form 
asters may be due to an inability of tubulin  in oocytes to assemble. 
Asters are radially symmetric structures composed 
of microtubules  which  assemble  at  the  poles  of 
most mitotic animal cells (19). Recent advances in 
our  understanding  of  microtubule  assembly  in 
vitro (4,  14,  15, 30) have stimulated a reinvestiga- 
tion  of the  regulation of aster assembly (31,  33). 
Aster assembly could be regulated on two distinct 
levels:  the  polymerization  of  tubulin  into  mi- 
crotubules,  and the localization and organization 
of this  assembly process to form the aster struc- 
ture. The study of aster formation in a living cell 
may therefore provide us with an understanding of 
how  microtubule  assembly  and  organization  is 
controlled in vivo. 
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of the surrounding cytoplasm on nuclear structure 
and synthetic activity, Gurdon (10) injected nuclei 
into  immature,  fully  grown  oocytes  and  mature 
oocytes  (unfertilized eggs)  of Xenopus  laevis. He 
observed that the  nuclei injected into fully grown 
oocytes  swell  and  synthesize  RNA,  while  nuclei 
injected into mature oocytes condensed their chro- 
mosomes  and  formed  multipolar  spindles.  The 
appearance  of spindles in  mature  oocytes  but not 
in immature oocytes in response to injected nuclei 
suggested  that these cells differ in their abiiity to 
form  asters.  We  have  extended  the  work  of 
Gurdon, using the Xenopus oocyte and egg system 
for two  purposes.  First,  we have utilized microin- 
jection in Xenopus eggs to assay materials for their 
ability to induce asters and we have tried to define 
the  role  of  the  centriole  as  such  an  inducing 
material.  Second,  we  have  made  a  preliminary 
attempt  to  understand  what  underlies  the  differ- 
ence  in  the capacity  of oocytes  and eggs  to  form 
asters.  Mailer and Gerhart have also explored the 
injection of centriole-containing preparations  and 
will report their results elsewhere. (J. Mailer and J. 
Gerhart.  Unpublished observations) 
MATERIALS  AND  METHODS 
lnjection Procedure 
Fully  grown  oocytes,  stage  6  (6),  were  obtained  by 
manual  disseetion  from  ovaries  of X. laevis females. 
Small  pieces  of  ovary  were  removed  from  the  frog 
through  a  small  incision  in  the  lateral  body  wall. 
Unfertilized eggs were obtained by injecting females with 
human chorionic gonadotropin (Sigma Chemical Co., St. 
Louis,  Mo.)  as  described  by  Gurdon  (9).  Eggs  and 
oocytes  were  maintained  before  injection  in  Barth's 
saline  (2)  at  pH  7.6.  Eggs  were  allowed  to  remain  in 
saline no longer than  1 h  before  injection. Just before 
injection, eggs were dejellied in 2% cysteine in 0. l M Tris 
pH 8.5. 
The  injection apparatus consisted of a  microsyringe 
(Roger Gilmont Instruments, Inc., Great Neck,  N. Y.) 
attaehed  by  a  short  length  of  silicone  tubing  to  a 
microneedle.  This  assemblage  was  filled  with  distilled 
water and mounted on a  micromanipulator (Narashige 
lnst.  Ltd.,  Tokyo,  Japan).  Microneedles  were  pullcd 
freehand  from  1.6  x  100-mm  glass  tubing.  A  needle 
point was then drawn from the pulled nee,  die on a miero- 
forge and broken oft to produee a 40-t~m tip. The diam- 
eter  of  the  barrel  of  the  needle  was  measured  and 
marked oft into  l-mm sections with a  marking pen fo~ 
ealibration of volume delivery.  A  smali amount of air, 
and  then the  sample  were  drawn  into the ne,  edle.  The 
air  meniseus acted  as  a  referencr  and allowed the de- 
livery of a  known volume into the cells.  Fresh needles 
were routinely used for each sample or sample dilution 
to avoid contamination. 
Eggs  and  oocytes  for  injection were  placed  in  agar 
bottom dishes containing Barth's saline at room temper- 
ature (22  ~ •  I~  Each egg or oocyte was injected with 
approximately 0. I ~.1 of material. Eggs and oocytes were 
injected in the vegetal hemisphere since this seemed to 
reduce cytolysis of unfertilized eggs.  Immediately after 
injection, the eggs or oocytes were removed to another 
dish containing Barth's saline and incubated, usually for 
1 h before fixation. 
Preparation of Injected Materials 
Nuclei  for  injection  were  prepared  from  Xenopus, 
hamster, and chick brains by the method of Graham et 
al. (8). 
A  subcellular preparation from chick and frog brain 
which sediments at 10,000 x  g was prepared according to 
the method of Fraser (7). 
Sperm  suspension for  injection was obtained by ho- 
mogenizing Xenopus testes in 0.5 ml of Barth's saline in a 
glass tissue grinder. The homogenate was centrifuged at 
150 x  g for 3 min to remove large pieces of tissue which 
clogged the injection needle. Sperm were also suspended 
in  Barth's  saline  without  Ca ++  containing  0.5  mM 
EGTA.  The  number  of  sperm  were  determined  by 
counting a dilution of the suspension on a  Lang Bright- 
Line hemocytometer (American Optical Corp., Scientific 
Instrument Div.,  Buffalo, N. Y.). 
Basal  bodies  were  isolated  from  Chlamydomonas 
reinhardtii, strain CI37 grown in 3/10 high salt medium 
in eontinuous light at 20~  (27),  by the method of Snell 
et al. (25). The final diseontinuous sacrose gradient puri- 
fieation step was omitted due to poor yield. The 35,000 
x  g  pellet  from  the  previous step  was  resuspended  in 
Barth's saline immediately before injeetion. Basal bodies 
were also isolated form Tetrahymena pyriformis by the 
method of Rubin and Cunningham (21). The basal bodies 
obtained by this procedure were sedimented at 50,000 ￿ 
g for 45 min and resuspended in Barth's saline immedi- 
ately before injection. 
Crude  preparations  from  Chlamydomonas, Tetra- 
hymena and Escherichia coli were  also used  for  injec- 
tion. A  culture of Chlamydomonas grown as described 
was  counted  (Coulter  Electronir  Inc.,  Hialeah,  Fla.) 
for  cell  density,  and  a  10-cc  portion  was  then  soni- 
cated  on  a  Branson  Sonifier  (Branson  Instruments, 
Co.,  Stamford, Conn.) at setting, number 6  for  15  sec. 
Light  microscopic examination showed  no  whole  cells 
after this treatment. Appropriate dilutions of the sonicate 
were prepared in Barth's saline. A crude preparation of 
Tetrahymena cells was prepared in the following manner. 
A 2.0-ml aliquot of cells was counted and incubated with 
digitonin  according  to  the  Rubin  and  Cunningham 
procedure (21). After pelleting and washing this prepara- 
tion,  the  pellet  was  resuspended  in  2.0  ml  of 0.2  M 
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the  Branson  Sonifier.  Appropriate  dilutions  of  this 
sonicate  were  prepared  in  Barth's  saline  immediately 
before  injection.  Purified  pellicle  fragments  were  pre- 
pared from the  1.7-1.8  M  sucrose interface of the first 
sucrose gradient after substitution of sonication for the 
polytron treatment in the Rubin and Cunningham proce- 
dure  which  was  resuspended  in  Barth's saline.  Micro- 
scopic examination of this preparation showed it to be 
pellicle with no whole cells.  A  sonicate of E. coli was 
prepared by sedimenting 10 cc of an exponential culture 
at 5,000 ￿  g for 20 min at 4~  resuspending the pellet to 
109 cells in Barth's saline and sonicating it on ice at the 
maximum setting of the Branson Sonifier for 1 min. 
Flagella  and  flagellar  axonemes  from  Chlaymdo- 
monas were  isolated by the methods of Witman et ai. 
(36).  Cilia  from  Tetrahymena were  isolated  by  the 
method  of Watson and  Hopkins  (29).  In  all cases the 
isolated  product  was  examined  for  purity  in  the  light 
microscope and then was sedimented and resuspended in 
Barth's saline immediately before injection. 
Microtubules were prepared from porcine brain by a 
modification (14) of the method of Shelanski et al. (24). 
lmmediately before injection, they were resuspended in 
Barth's saline or Barth's saline without Ca ++ containing 
0.5 mM  EGTA. 
In some experiments sperm and basal bodies were also 
injected in the presence of 10  -~ M colchicine or  10  -7 M 
vinblastine sulfate (kind gift of Eli Lilly & Co., lndianap- 
olis,  lnd.). 
Incubation of Eggs and Oocytes in D~O 
Double-strength  Barth's saline  was diluted  I:1  with 
D20 (99.77%, Columbia Organic Chemicals Co., Colum- 
bia,  S.  C.).  Unfertilized  eggs  and  stage  6  oocytes 
obtained as  described were  allowed  to incubate in this 
solution for 2 h. Samples were fixed  at 1 and 2 h. 
Histology 
Eggs  and oocytes were  fixed  in  Perenyi's fluid (95% 
ethanol,  0.5%  chromic  acid,  10%  nitric  acid,  3:3:4) 
overnight, and then taken through  a  70%,  90%,  100%, 
100% ethanol series,  1 h  for each change. The samples 
were  cleared  in  two  changes  of  xylene  for  2  h  and 
imbedded  in  Paraplast-plus  wax  (Sherwood  Medical 
Industries, St.  Louis,  Mo.).  10-#m serial sections were 
out and then stained with Meyers acid-alum hematoxy- 
lin and counterstained with 5% Chlorazol Black (Mathe- 
son,  Coleman  &  Bell,  East  Rutherford,  N.J.)  in  70% 
ethanoi. 
Colchicine  Binding Assays 
Tubulin  pools  were  measured  in  soluble extracts  of 
oocytes  and  eggs  from  the  same  three  females  by 
[SH]colchicine binding. Soluble extracts were  prepared 
from replicate samples of 25 stage 6 oocytes and dejellied 
eggs  in  0.1  M  2-[N-morpholino]ethane  sulfonic  acid 
(MES)  buffer  pH  6.4,  1  mM  GTP  according  to  the 
method of Heidemann et al. (1 I). These soluble extracts 
were  incubated  for  1  h  at  room  temperature  with 
[SH]colchicine  (sp  act  141  ￿9  New  England 
Nuelear, Boston, Mass.) so that the final colchicine con- 
centration was  10-'  M.  Bound coichicine was then as- 
sayed by a modification of the column method of Wilson 
(35).  A  15  ￿  0.6-cm column of Bio-Gel P-10 (Bio-Rad 
Laboratories,  Richmond, Calif.)  was  used  for 0.20-tal 
samples  and  eluted  with  0.1  M  MES  buffer pH  6.4. 
Bound colchicine was determined by liquid scintillation 
counting of the void volume. [SH]Toluene was then added 
as an internal standard and recounted. From these data, 
the molar quantity of bound colchicine was calculated. 
RESULTS 
Aster lnduction by Nuclear and 
Cytoplasmic Fractions of Brain 
Crude nuclear preparations from mouse,  chick, 
and  hamster brain  were  injected into fully grown 
oocytes  and  unfertilized  eggs  of  X.  laevis. We 
observed,  as  had  Gurdon  (10),  that  unfertilized 
eggs developed asters while oocytes did not within 
I  h  after  injection.  In  addition,  unfertilized  eggs 
but not oocytes formed irregular cleavage furrows 
in  response to  these  injections.  In  order to deter- 
mine whether the response of unfertilized eggs was 
due to the injected nuclei or contaminating mate- 
rial,  bry  nuclei  were  purified  by  sedimentation 
through  2.5  M  sucrose  and  injected.  When  these 
purified nuclei were injected into oocytes and eggs, 
neither cell  responded  to  form  asters  or cleavage 
furrows. This result suggested that some cytoplas- 
mic factor and not the nucleus was responsible for 
the  induction  of  cleavage  furrows  and  asters  in 
un fertilized eggs. 
A  particulate,  cytoplasmic  fraction  of  brain 
tissue known to induce artificial parthenogenesis in 
Rana pipiens (7,  23) showed the same activity as 
had crude nuclear preparations when injected into 
Xenopus  eggs,  further  suggesting  a  cytoplasmic 
factor. 
Characteristic  Response of Unfertilized 
Eggs  to Aster-inducing Materials 
lnjection of crude brain nuclei or the partheno- 
genetic agent caused similar responses in unfertil- 
ized  eggs.  This same  response pattern has proven 
to  be  characteristic  for  unfertilized  eggs  and  has 
not varied for any of the other effective materials 
injected.  The  response  consisted  of  concurrent 
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mentous, aster-like structures. 
The first observable response was the formation 
of irregular cleavage  furrows  (Fig.  1)  which  ap- 
peared as soon as 20 min after injection in some 
eggs and were nearly always present after 1 h. The 
number of furrows, whlch were most numerous in 
the animal hemisphere, increased in the 2nd h and 
then began to recede or were engulfed by material 
in the vegetal hemisphere. Most cleavage furrows 
did not transect the egg,  and normal cleavage and 
division patterns were  never observed. 
Asters  were  always  present  in  sections  from 
furrowed  eggs  (Figs.  2,  3,  4).  These asters  were 
found  predominantly in  the  animal hemisphere. 
The asters varied in size from 25 #m to 50/~m in 
diameter and always showed a radial arrangement 
of thin, straight filaments similar in appearance to 
normal asters  in fertilized eggs.  In eggs  fixed  at 
various  times  after  injection,  asters  were  first 
observed at the time the eggs first showed cleavage 
furrows and were present 2 h after injection. After 
2 h, only aster-like areas, as described below, were 
seen. 
Aster-like areas are filamentous yolk-free areas 
of injected eggs  which  closely resemble asters but 
lack  radial  symmetry  at  any  level  in  the  serial 
sections (Fig. 5). They were always observed along 
with  asters  in sections from  furrowed eggs.  It is 
possible that these aster-like areas may have been 
asters which  lost some of their organization as an 
artifact  of fixation since these  fibrous, yolk-free 
areas were  more commonly found toward the cell 
interior which  is more slowly fixed. 
None  of  these  structures  were  observed  in 
unfertilized eggs injected with Barth's saline or any 
of the ineffective materials to be described below 
(Fig. 6). Nor were these responses ever observed up 
to  6  h  after  injection in stage 6  oocytes injected 
with any materials tested (Fig. 7). 
Induction of Aster Formation by 
Isolated Basal Bodies 
It  seemed  likely that  the  aster-inducing agent 
was  a  centriole for the following reasons: (a) the 
active  component was  a  particulate cytoplasmic 
structure,  (b)  it  had  some  chemical  properties 
similar to those of microtubules (7), and (c) it was 
found in sea urchin sperm heads but not tails (J. 
Mailer and J. Gerhart, personal communication). 
We had also found that Xenopus  sperre prepara- 
tions  were  highly effective  at  inducing asters  in 
Xenopus eggs. 
Since centrioles have been shown to be identical 
in  structure  to  basal  bodies  with  which  they 
interconvert  (1,  34),  we  decided  to  assay  basal 
bodies  for  inducing activity.  Basal  bodies  were 
purified,  according  to  recently  published  proce- 
dures, from C. reinhardtii (25)  and T. pyriformis 
(21). These preparations consisted mostly of basal 
bodies with some amorphous materials and pieces 
of flagella as judged by electron microscopy. The 
basal bodies had the typical cylindrical structure, 
and  in Chlamydomonas  were  generaily found as 
pairs as described by Snell et al. (25).  Both  basal 
body preparations were highly effective at inducing 
asters  and  cleavage  furrows,  when  assayed  by 
injection into unfertilized eggs  of Xenopus. 
In order to show that basal bodies and not other 
microtubule-containing materials were  the  effec- 
tive aster-inducing agent, various other microtuble 
structures were  injected into unfertilized eggs  and 
oocytes.  Isolated  flagella and flagellar axonemes 
from  Chlamydomonas  and  cilia  from  Tetra- 
hymena  were  totaUy  ineffective  at  inducing 
asters.  Microtubules  from  hog  brain  were  also 
ineffective  at  inducing aster  formation  whether 
resuspended  in  Barth's  saline  or  Barth's  saline 
without  Ca ++  containing 0.5  mM  EGTA.  All 
preparations  were  ineffective in  eggs  from  four 
females. A preparation of an E. coli cell sonicate, 
which  should  contain no microtubules or  centri- 
oles,  was  also  completely ineffective in inducing 
asters,  lnjection of sperm  or  basal bodies in the 
presence of 10  -5 M coichicine or  10  -7 M vinblas- 
tine eliminated aster and furrow formation, injec- 
tion  of either  chemical alone had  no observable 
effect on eggs or oocytes (Table I). 
The  effectiveness  of  material  from  sperre, 
Chlamydomonas,  and Tetrahymena was tested by 
injecting  known  numbers  of  sperm,  sonicated 
Chlamydomonas  and  Tetrahymena  into unfertil- 
ized  eggs  and  then  noting the  response.  Fig.  8 
shows the percentage of eggs which manifested the 
furrowing  response  as  a  function of the  titer  of 
injected Xenopus  sperm,  Chlamydomonas  soni- 
cate,  and  Tetrahyrnena pellicle sonicate. The  re- 
sponse for both sperm and Chlarnydomonas fell to 
50%  at  approximately 3 cell equivalents injected 
per egg.  In contrast, the response for Tetrahymena 
fell to 50% at approximately 0.08 cell per egg and 
effective response is still observed at 0.01  cell per 
egg. 
108  THE  JOURNAL OF  CELL  BIOLOGY  ￿9  VOLUME 67,  1975 FIGURE  1  Irregular cleavage furrows in unfertilized eggs I h  after injection of isolated basal bodies from 
Tetrahymena.  1 cm  =  250/zm.  ￿  70. 
FIGURE  2  Section  of  an  unfertilized egg  fixed  1  h  after  injection with  isolated Chlamydomonas basal 
bodies.  Fibrous,  yolk-free areas containing asters or aster-like structures are marked with arrows.  1 cm  = 
120/~m.  x  25. 
HEIDEMANN  AND  KIRSCHNER  Aster Formation in Eggs of Xenopus laevis  109 FIGURE 3  Aster field in section of an unfertilized  egg injected with isolated Chlarnydornonas basal bodies. 
1 cm = 25/zm. ￿  250. 
We have not been able to obtain direct micro- 
scopic evidence that the basal body nucleates aster 
formation. Electron microscopic studies have thus 
far been disappointing due to problems in fixation 
which are considerable for objects as large and as 
impermeable as  flog  eggs.  However,  some  evi- 
dence  that  the  injected  material  might  actually 
serve  as the organizing center for the aster came 
from experiments in which pieces of pellicle, which 
contain basal bodies (22), from Tetrahyrnena were 
injected into unfertilized eggs.  Injected pellicle was 
effective  at inducing aster formation in unfertilized 
eggs.  When sections from these injected eggs were 
examined, induced asters contained large, deeply 
stained  centers.  We  believe  these  centers  to  be 
pellicle because they stained a distinct color (blue- 
green)  distinguishable from  that  of  either  yolk 
granules (purple) or filaments of the aster (black). 
The blue-green of these centers was identical to the 
color of isolated, fixed pellicle stained in the same 
manner.  In  addition,  such  centers  were  never 
present in asters induced by any other material but 
were  always present in asters  induced by pellicle 
preparations (Fig. 9). 
Effects  of D20 on Oocytes and Eggs 
Van Assel and Brachet (28)  have reported that 
unfertilized  eggs  from  Xenopus form  cytasters 
when  incubated in solutions of heavy water.  We 
wished  to determine whether the  response of the 
unfertilized eggs to heavy water was similar to the 
response to injected basal bodies and whether D20 
could in fact induce asters in oocytes. 
When unfertilized eggs were incubated for 1 or 2 
h in 50% D20, large numbers of fibrous areas were 
produced throughout the  animal hemisphere.  No 
effect  was observed in oocytes treated in the same 
manner. The  response  to  D20  incubation, how- 
ever,  differed  in  a  number  of  ways  from  the 
response  of  unfertilized  eggs  to  injected  basal 
bodies. First, cleavage furrows were not formed in 
D~O-incubated eggs.  In addition, very few of the 
fibrous areas in eggs incubated in D20 showed any 
radial symmetry (Fig.  10). They appeared  some- 
what similar to the aster-like areas shown in Fig. 5. 
The  fibrous  areas  induced  by  D20  were  more 
numerous and were  often homogeneously distrib- 
uted  in  a  connected  array.  In  some  cases  they 
virtually eliminated yolk granules from the animal 
hemisphere (Fig.  11). 
Tubulin Pools in Oocytes and Eggs 
The size of the tubulin pools in soluble extracts 
of oocytes and eggs were measured by assaying for 
colchicine-binding  activity since colchicine binding 
is highly specific  for tubulin, and colchicine binds 
with approximately a one to one stoichiometry (5, 
32). 
Soluble extracts  from  25  fully  grown  oocytes 
and 25 unfertilized eggs taken from the same three 
females were assayed for colchicine-binding  activ- 
ity  as  described  in  Methods.  The  results  of the 
experiment are presented in Table II. Oocytes and 
eggs from the same female showed virtually identi- 
cal colchicine-binding activity, and hence by this 
assay had identical pools of total free tubulin. 
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The  mechanism  of  aster  formation  has  elicited 
continuing  interest despite the early and generally 
acknowledged  conclusion  that  the  aster  forms 
under  the influence of the centriole (34).  Evidence 
for the role of the centriole has been based  largely 
on  its  location  in  the  center  of  the  aster.  The 
fundamental  weakness  of  this  evidence  may  ac- 
count  for  the  continuing  interest  in  this  problem. 
The location of the centriole is not in itself a test of 
its influence or role in aster formation, as has been 
emphasized recently by Pickett-Heaps (17,  18). He 
points out that there is a lack of a clear ultrastruc- 
tural  link  between  the  centriole  and  astrai  mi- 
crotubules and that there is accumulating evidence 
that  many plant cells lack a  centriole yet organize 
a  mitotic apparatus.  For these  reasons,  he postu- 
lates  a  passive  role  for  the  centriole,  as  being 
merely partitioned to daughter cells by the mitotic 
apparatus  for later use as a  basal body to organize 
flagellar growth. 
FIGURE 4  Aster in section of an unfertilized egg injected  with isolated Chlamydomonaa basal bodies.  1 
cm  =  8 am.  ￿  400. 
FIGURE  5  Aster-like,  yolk-free  area  in  a  section  of  an  unfertilized  egg  injected  with  isolated 
Chlamydomonas basal bodies.  1 cm  =  12 ~am. ￿  400. 
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injected  with other ineffective material had an identical appearance. I cm  =  120 p.m. x  25. 
FIGURE  7  Sections  from  two  fully  grown  oocytes  injected  with  isolated  basal  bodies  from 
Chlamydomonas. The germinal vesicle is clearly  visible in the larger section.  1 cm  =  110 p.m. x  25. 
The  experiments  reported  here  make  use  of 
microinjection  in  Xenopus eggs  as  an  assay  for 
components  which  initiate  aster  formation. 
Though there are some limitations imposed by the 
experimental  system  and  the  present  purity  of 
basal body preparations, the experiments indicate 
that  basal  bodies or  centrioles isolated from  two 
phylogenetically  distinct  sources  are  capable  of 
initiating aster formation in a  vertebrate egg. 
Moreover,  preparations  from  Tetrahymena 
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Aster-Forming Response of Oocytes and 
Un]ertilized Eggs to Various Injected Materials 
Unfertil- 
ized eggs  Oocytes 
Crude brain nuclei  +  - 
Purified brain nuclei  -  - 
Parthenogenetic brain fraction  +  - 
Xenopus sperm  +  - 
lsolated basal bodies, Chlamydomonas  +  - 
isolated basal bodies, Tetrahymena  +  - 
Chlamydomonas flagella 
Flagellar axonemes 
Tetrahymena cilia 
Hog brain microtubules 
Tetrahymena pellicle  + 
E. coli  sonicate 
Xenopus sperre +  10  -b M colchicine  or 
10-' M vinblastine 
lso]ated basal bodies +  10  -~ M colchi- 
cine or 10  -7 M vinblastine 
10  -b M colchicine  or 10-' M vinblastine  -  - 
alone 
were  rauch  more  effective  than  those  from 
Chlamydomonas  at  eliciting a  response  from  un- 
fertilized  eggs  as judged  by  comparing  the  mini- 
mum titer required to produce furrowing in unfer- 
tilized  eggs  (Fig.  8).  Both  Chlamydomonas  and 
sperm,  a  specialized cell known  to  be effective at 
initiating aster and cleavage formation at orte copy 
per egg, produced  a  50%  response  at  about  3 cell 
equivalents  injected.  This  result  is  close  to  the 
result of one effective unit per cell expected for the 
connected basal bodies of Chlamydomonas and for 
sperm.  Tetrahymena  preparations,  on  the  other 
hand,  produced  a  50%  response  at  one-tenth  of a 
Tetrahymena cell injected per egg, indicating that 
there  is  far  more  than  one  effective  unit  in  a 
Tetrahymena cell. This is expected for this ciliate 
organism  which  contains  large  numbers  of basaI 
bodies.  The response  of the egg to  injected  mate- 
rials was somewhat less than expected. This could 
be  due  to  incomplete  disruption  of  the  Tetra- 
hymena  pellicle,  inactivation  of  basal  bodies 
during  preparation,  leakage  during  injection,  or 
injection of material into an area of the egg which 
may be unresponsive to aster or furrow formation. 
It is difficult to rule out contaminating material 
as  responsible  for  aster  initiation.  Both  Chlarnv- 
domonas  and  Tetrahymena  basal  body  puri- 
fications  produced  basal  bodies  as  the  major 
large  component  as  judged  by  electron  micros- 
copy.  Both procedures  invoive a  number of centri- 
fugation  steps  which should eliminate any soluble 
components.  However,  otner  microtubule  struc- 
tures such as flagella are still seen in the prepara- 
tion. Nevertheless, when purified flagetla, flagellar 
axonemes, cilia and hog brain microtubules as weil 
as  crude  extract  of  E.  coli,  which  contains  no 
microtubules,  are  injected  into Xenopus eggs, no 
asters  are  induced.  The crude preparations  which 
were effective at  inducing  aster  formation,  crude 
nuclei,  the  parthenogenetic,  cytoplasmic  fraction 
from  brain,  Tetrahymena,  and  Chlamydomonas, 
are likely to contain centrioles. It is known that the 
centriole occupies a position close to the nucleus in 
most  nondividing  cells  (3)  and  might  be  a  likely 
cytoplasmic contaminant  of brain  nuclei prepared 
in 0.25  M  sucrose. Centrioles would also likely be 
removed from nuclei by sedimentation through 2.5 
M  sucrose  as in the purified nuclear preparations 
which  were  ineffective  in  inducing  asters.  The 
activity of the parthenogenetic fraction from brain 
is  also  likely  due  to  basal  bodies  or  centrioles. 
Though  Fraser  proposed  that  the  activity of this 
material  might  be  due  to  microtubules  (7),  the 
properties  of  the  factor  more  closely  resemble 
those  of  centrioles.  Fraser's  active  component 
sedimented  to  the  40-50%  sucrose  interface  in  a 
discontinuous  sucrose gradient,  the identical posi- 
tion  at  which  basal  bodies  are  found  in  the 
isolation procedure  of Snell et al. (25).  Moreover, 
Fraser's  activity  was  cold  stable,  as  is  the  struc- 
ture  of  basal  bodies  (21),  while  the  structure  of 
isolated brain  microtubules  is not (15,  24,  30). 
Due to the difficulty of fixation in large amphib- 
Jan eggs, we have not yet been able to examine the 
asters  in  the  electron  microscope  to  see  if each 
aster contains a centriole. The variable response of 
the  egg  cytoplasm  and  the  difficulty  in  counting 
basal  bodies have similarly precluded establishing 
a  one to one correspondence  between the number 
of asters  formed  and  the number  of basal  bodies 
injected.  However,  we  have  found  that  in  asters 
induced  by  Tetrahymena  pellicle,  portions  of the 
pellicle  are  found  in  the  center  of  the  aster  as 
shown in  Fig. 9.  We have also noted that  sections 
of  eggs  into  which  an  average  of  10  sonicated 
Chlamydomonas  was  injected  show  only three to 
five asters while eggs into which 100 sonicated cells 
were injected show as many as 40 asters. However, 
the number of asters obtained with a large number 
of basal  bodies  varies,  depending  on  the  female, 
the injection, and  other factors. 
In  addition  to  supporting  the  notion  that  the 
centriole  or  basal  body  plays  an  active  role  in 
intiating  aster  formation,  our  data  allow  other 
conclusions  to  be  drawn.  In  the  unfertilized 
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FIGURE 8  Effectiveness of injected sperm and sonicated Chlamydomonas and Tetrahymena preparations 
at inducing furrowing in unfertilized eggs. Unfertilized eggs were injected with 0.1 ~.1 of various dilutions of 
sperm  (O  O),  Chlamydomonas (A--.--A), and  Tetrahyrnena (D----D) as described in  Methods. 
Furrowing response was judged 2 h after injection. Each data point is for a sample of 20 injected eggs. 
Xenopus egg,  where conditions are  favorable for 
the  assembly  of  a  large  number  of  asters,  the 
addition of a basal body either injected or supplied 
by  the  sperm  after  fertilization is  necessary  and 
perhaps,  along with tubulin,  is sufficient to cause 
an  aster  to  form.  The  ability  of  basal  bodies 
isolated  from  ciliate  and  flagellate  sources  to 
induce asters, a function associated with centrioles, 
provides  direct  evidence  for  the  interchangeable 
nature  of  these  two  morphologically  identical 
structures.  On the basis of these experiments, the 
type  of structure  organized  by the  basal  body  or 
centriole, whether an aster or flagellum appears to 
depend  on  the  intracellular  environment.  The 
ability of basal  bodies  from  primitive unicellular 
organisms  to  induce  asters  in  vertebrate  eggs 
suggests that the microtubule-organizing function 
of the  centriole has  been  retained  through  evolu- 
tion along with its highly conserved structure. 
Aster formation seems closely linked to furrow 
formation  in  the  cell cortex.  The experiments of 
Rappaport (20) indicate that cleavage furrows are 
established  by  stimulation  of the  cell surface  by 
asters.  In  our experiments the induction of asters 
was always accompanied by cleavage furrows, and 
vice-versa. Our finding that the furrowing response 
is eliminated by the microtubule poisons colchicine 
and  vinblastine,  which  presumably  act  only  on 
microtubules, points to dependence on asters in the 
furrowing  response.  The  absence  of a  furrowing 
response in D20-stimulated eggs may be due to the 
nature of the D~O-induced structures.  Unlike Van 
Assel  and  Brachet  (28),  we  failed  to  observe 
obvious radial symmetry in the fibrous structures 
induced by D20. Rather, our D~O-stimulated eggs 
showed large areas of the animal hemisphere filled 
with  fibrous  material,  which  appear  to  contain 
microtubules in the electron microscope. 
We  were  unable  to  induce  asters  or  fibrous 
structure in oocytes by any of the means effective 
in  unfertilized eggs  of Xenopus. The  inability of 
oocytes to  form  asters  might arise in three ways: 
lack of an  inducing center, an  insufficient pool of 
tubulin  subunits,  or the lack of suitable cytoplas- 
mic conditions or other unknown factors required 
for  microtubule polymerization and  aster  assem- 
114  THE  JOURNAL  OF  CELL  BIOLOGY  ￿9  VOLUME  67,  1975 FIGURE  9  Asters  induced  by  preparations  of  Tetrahymena  pellicle.  Note  densely  stained  pellicle 
fragments in the centers of the asters.  1 cm  =  12 ~m.  ￿  400. 
FIGURE  10  Fibrous, yolk-free areas induced  by  D20.  Unfertilized  eggs were incubated  in  a  50%  D20 
solution for 2 h, fixed,  and sectioned.  I cm  =  12/zm.  ￿  400. 
FIGURE  I 1  Low magnification of a  DaO-stimulated egg.  I cm  =  110 am.  ￿  25. 
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Colchicine-Binding  Protein in Soluble Extracts of 
Xenopus  Oocytes and Eggs 
Bound colchicine  per cell* 
Stage 6 oocytes  Unfertilized eggs 
pmol  pmol 
Female A  1.90, 1.90  1.87, 2.01 
Female B  1.76, 1.86  1.63, 1.65 
Female C  1.95, 1.95  1.49, 1.75 
* Replicate samples 
bly.  The  inability of oocytes  to  form  asters upon 
injection of inducing material indicates that other 
factors besides the presence of an inducing center 
are  involved  in  aster  formation.  Microinjection 
was required to test this property of oocytes since 
their failure to  be fertilized could  be explained in 
terms  of differences in the cell cortex.  Inou6 (12) 
has postulated that asters in general are assembled 
from  an available pool of tubulin. An insufficient 
tubulin pool, however, cannot explain the failure of 
asters to  form  in  oocytes.  Total  tubulin  pools  in 
oocytes  and eggs  are  virtually identical as judged 
by  colchicine-binding  activity.  The  inability  of 
oocytes to  respond  to  D~O  stimulation may indi- 
cate that tubulin in  oocytes is unable to polymer- 
ize, hence is unable to form asters.  D~O is thought 
to shift the equilibrium of the tubulin polymeriza- 
tion  reaction  in  favor  of polymerization (13,  16). 
The homogeneous,  fiber-filled animal hemisphere 
of D20-stimulated eggs (Fig.  11) could be due to a 
general  nonlocalized  polymerization  of  mi- 
crotubules favored by D20. Since the oocyte shows 
no such apparent spontaneous assembly of tubulin 
upon  DzO  stimulation,  the  tubulin  in  the  oocyte 
may  not  be  capable  of  polymerization.  Experi- 
ments  in  progress  are  aimed  at  determining 
whether  there  is,  in  fact,  a  difference  in  the 
capacity  of tubulin to  assemble from oocytes and 
eggs. 
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